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1 Introduction

Ensuring economic growth and achieving the goals of sustainable development
requires the transition to resource-efficient economy, based on ecological balance,
responsible production and consumption, the rational use of natural resources [1,
2]. The rational use of land [3] and ensuring the productivity of agriculture simul-
taneously are achieved by intensifying innovation activity in agriculture, aimed at
increasing crop yields [4]. One of the directions of such activities is the use of new
generation mineral fertilizers that meet the concept of innovative advancement [5].
According to agrochemical science [6], the share of mineral fertilizers in ensuring
yield growth is 20–40%, and the ratio of the main nutrients of nitrogen, phosphorus
and potassium for crops should usually be 1: 1: 1 [7]. At the same time, high doses of
nitrogen fertilizers required in the initial growing season can have a negative impact
on the environment due to significant nitrogen losses: the entry of gaseous nitrogen
into the air and in the form of nitrates into the soil and groundwater. Thus, for such a
common nitrogen fertilizer as urea, with its surface application only gaseous losses
can be more than 50% [8].

In this connection, various ways are being developed to reduce the rate of nitrogen
granules dissolution in the soil. The most well-known chemical methods are imple-
mented by creating special slightly soluble fertilizers, introduction of nitrification
inhibitors into the granules, as well as the granules encapsulation with the shells of
different compositions [9–13].
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The important step in microcapsules formation is the fabrication of proper wall
materials that meets the criteria of encapsulation efficiency and the durability of
microcapsules rely on the wall material structure. This shell should act as a barrier,
storing the core material as well as protecting it against the oxygen, water and light,
or initiate a controlled diffusion in the specific media [14].

The shell, which is applied to the surface of the granule (core), should have a
porous surface, which consists mainly of curved nanopores of different depths. The
size of the pores and their structure has a significant effect on the rate of the soil
moisture penetration into the shell and after some time into the core of the granule.
Due to the presence of nanopores in the shell, as well as in the interface of the granule,
the process of dissolving the fertilizer will take place sequentially from the shell to
the core. This path is optimal for the fertilizer assimilation. Thus, it will prevent
against eco-destructive effects on the environment and loss of nutrients. In the case
of increasing the pores size and changing their shape from curved to rectilinear,
the groundwater will penetrate into the granule with greater speed and in greater
quantities. This will lead to the simultaneous dissolution of both the shell and the
core of the granule.

Nitrogen fertilizers with sulphur coating corresponding to the ecomarketing
concept [15] have already been brought to the industrial production. Some of the
promising components for encapsulation, in which there are no inert elements, are
shells based on ammonium and calcium phosphates. Such shells allow the formation
of complex NP and NPK fertilizers, in which the phosphate or phosphate-potassium
coating acts as a membrane through which the nitrogen core of the granule diffuses.
Our work showed that the dissolution rate of the nitrogen component of the fertilizer
granule depends on the density of the formation of the phosphate-containing shell
particles. It is possible to create shells with different permeability by varying the
conditions of the application process.

The most important functions and benefits of the active compounds encapsulation
are the following:

1. Increasing the stability of encapsulated materials by protecting them from
environmental factors such as heat, high and low pH values, oxygen and light;

2. Controlled release of active components in the aqueous media;
3. Conversion of liquid formulations to solid, resulting in the convenience of

handling and transportation [16].

When choosing the method of obtaining the organic-mineral fertilizers, prefer-
ence should be given to the most effective for specific encapsulation conditions.
For the production of mineral fertilizers (except for the technology of production in
granulation towers), the most common methods are using devices with a fluidized
bed and rolling machines [17–21]. Obtaining the multicomponent organic-mineral
fertilizers with a shell of nutrients can be successfully carried out in plate granulators
[22]. The coating technology on the surface of the granule in such devices allows
you to use the nutrients that are difficult to disperse as a binder (plasticizer). In this
case, the use of devices with active hydrodynamic modes (successful introduction
of such devices in the technology of obtaining granules with a nanoporous structure
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is described in [23–28]) is impractical. In combination with the main advantages of
plate granulators [29], the technology described in this article can be considered a
fairly simple and effective way in comparison with analogues [30, 31].

The performed investigations on studying the microstructure of the phosphate-
containing coating revealed the features of the porous structure of the shell itself
and the layer between the shell and the inner part of the encapsulated granule. The
obtained microphotographs make it possible to study the pore size of the phosphate-
containing shell and to determine the effect of the composition of the plasticizer on
its porosity.

2 Materials and Methods

The development of the encapsulated fertilizers experimental samples was carried
out on a model installation based on a plate granulator.

Figure 1 demonstrates the experimental stand scheme for organic-mineral fertil-
izers production process. The general view of pan granulator experimental sample
is presented on Fig. 2.

Fig. 1 Experimental stand scheme for organic-mineral fertilizers production process: 1—phosphate
bunker; 2—bunker of microelements; 3—mixer; 4—dispenser; 5—potassium-magnesium solu-
tion tank; 6—humate solution tank; 7—potassium-magnesium mixing tank with humate; 8—urea
granules feed unit; 9—nozzle; 10—pan granulator; 11—tray for granulated product
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Fig. 2 Pan granulator:
D—the diameter of the disc;
H—the height of the disc;
α—the tilt angle of the disc

The encapsulation process was carried out by applying a phosphate-containing
coating to the urea granules. The composition of the plasticizer and its effect on the
properties of the fertilizer shell were varied and studied.

The phosphate-glauconite concentrate from the Novo-Amvrosiivskyi deposit
was used as a phosphate-containing component of the shell. The indicators of the
concentrate are shown in Table 1.

The dispersed composition of phosphate-glauconite concentrate of the Novo-
Amvrosiivskyi deposit is shown in Table 2.

Ballast calcium and potassium humates and an aqueous solution of potassium
and magnesium (Kalimag) were used as a plasticizer. The choice of the first two
types of plasticizer is justified by the need to introduce into the composition of
the granule an organic component, which in addition to astringent properties has a
positive effect on the humus content in the soil. Kalimag (46% K2O) was used to
enrich the encapsulated fertilizer with nutrient potassium and magnesium. Ballast

Table 1 Chemical
composition of
phosphate-glauconite
concentrate

Indicator name and measurement
unit

The result of the analysis

Mass fraction of total phosphates in
terms of P2O5 gen (%)

15.0

Mass fraction of digestible
phosphates in terms of P2O5 dig (%)

13.1

Mass fraction of water (%) 1.27
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Table 2 Dispersed
composition of
phosphate-glauconite
concentrate

Fraction of particle size (mm) Mass fraction (%)

>0.4 0.85

>0.315 1.27

>0.28 2.54

>0.2 0.56

>0.1 37.88

>0.063 21.83

<0.063 35.07

Table 3 Chemical composition of calcium and potassium humates

Indicator name and measurement unit The result of the analysis

Calcium humate Potassium humate

pH (10% water solution) 9.0 11.65

Mass fraction of water (%) 89.5 83.4

Mass fraction of humates (in terms of dry
matter) (%)

16.9 30.8

Mass fraction of total calcium (in terms of dry
matter) (%)

6.0 –

Mass fraction of water-soluble calcium (in terms
of dry matter) (%)

0.3 –

Mass fraction of magnesium (in dry matter) (%) 0.8 5.26

Mass fraction of total potassium K2O (in dry
matter) (%)

0.05 0.61

humates of calcium and potassium were obtained from lowland peat of the Glukhiv
deposit in the Sumy region on a model homogenizer. The chemical composition of
calcium and potassium humates is shown in Table 3.

Fertilizers samples were obtained as follows. Powdered phosphate-glauconite
concentrate was fed to a plate granulator on urea granules with a size of 2–3 mm
moistened by plastisizer. The encapsulation process took place by the mechanism
of agglomeration for 5 min. Then the resulting product was sent for drying for 2 h
at a temperature of 65 °C. In order to improve the nitrogen-phosphorus nutrition of
plants, increase their stress resistance and productivity, an “Avatar” multicomponent
microelement complex in the chelated form was added to the shell composition of
the fourth test sample.

The chemical composition of the obtained encapsulated urea samples is presented
in Table 4.
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Table 4 Composition of the samples of fertilizers based on urea in the phosphate shell

Sample name Composition Plasticizer Strength of
granules (MPa)P2O5 (%) N (%) K2O (%)

Sample 1 7.20 23.8 0.31 Calcium humate 2.10

Sample 2 7.13 23.6 0.21 Potassium humate 2.07

Sample 3 7.84 21.8 0.42 Kalimag 2.09

Sample 4 with the
addition of an
“Avatar”
trace-element
complex

7.40 22.8 0.21 Calcium humate 1.71

3 Results and Discussion

The use of the phosphate-glauconite concentrate of the Novo-Amvrosiivskyi deposit
involves the development of a coating containing the phosphate and potassium
components. Plasticizers in the form of potassium and calcium humates—create
an organic-mineral composition, which involves increasing the granules nutrients
utilization. Potassium humate increases the potassium content in fertilizers, and
calcium humate was used as a plasticizer due to its low solubility and positive effect
on the formation of agronomically valuable, water-resistant soil structure.

The introduction of calcium into the fertilizer neutralizes the soil acidity and
reduces the mineral components loss of the soil. The inclusion of trace elements
in the chelate form allows to increase the agrochemical value of the fertilizer by
improving the resistance of plants to diseases and adverse environmental factors.
The introduction of the zeolites into the phosphate-containing shell involves the
reduction of gaseous and infiltrative nitrogen losses and increases the productive
moisture in the soil [7].

Carrying out of researches on an efficiency estimation of a phosphorus-containing
coating on prolongation of dissolution of a nitrogen granule core demands studying of
qualitative and quantitative characteristics of a coating and the interface between an
external and internal layer by a scanning electron microscopy with elemental micro-
analysis. Figure 3 presents a general viewof the granules for four samples: a—general
view of the granules at 100 times magnification, b—the surface of the granules at
1000 times magnification; c—general view of the cross-section of the granule at 100
times magnification; d is the slice of the granule at 1000 times magnification.

The study of the surface morphology showed that sample 1 has uniform surface,
but uneven in shell thickness. The damage of the shell is probably formed during
drying. The surface has coarse inclusions. The porous structure of the surface and the
entire shell (cross-section) is developed, and the pores are mostly curved. The shell
is not attached to the granule core due to the probable occurrence of temperature
stresses during drying (Figs. 4 and 5; Table 5).
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Fig. 3 General view of granules for samples 1–4: a general view of granule at a magnification
×100, b granule surface at a magnification ×1000; c general view of granule cross-section at a
magnification ×100; d granule cross-section at a magnification ×1000

The elemental analysis shows increasing amount of C, N elements towards the
granule core. The granule surface contains following elements: O, Al, Si, P, K, Ca,
Fe, Mg, S, Cl, Na which amount is decreased from the surface to the core. Those
elements as P, K, Fe, Mg, S, Cl, Na are absent in the core.

Sample 2 has a uniform surface, but has a non-uniform thickness of the shell.
Compared with sample 1, the thickness of the shell is more uniform. There is damage
of the shell, which probably formed during drying. The surface has fine inclusions.
The porous structure of the surface and thewhole shell (in section) is underdeveloped:
there are mostly curved pores and pores that are formed mechanically (cracks, faults,
cavities). The shell is not attached to the granule core due to the probable occurrence
of temperature stresses during drying (Table 6).

The elemental analysis shows increasing amount of C, N elements towards the
granule core. The granule surface contains following elements O, Al, Si, P, K, Ca,
Fe, Mg, S, Na. The amount O, Si, P, Mg, Na is increased in the interface between
granule and core compared with amount of elements in the shell. The amount Al, K,
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Fig. 4 Elemental composition analysis of the of the granule sample 1: a granule cross-section with
areas where the elemental composition analysis was provided, b elements distribution on the sample
cross-section surface, c the spectrum 13; d the spectrum 14; e the spectrum 15

Ca, Fe, S decreased in the direction from the surface to the core. Such elements as
Al, P, K, Fe, Mg, S, Na are absent in the internal layer.

Sample 3 has a non-uniform surface and thickness of the shell, and there are areas
without shell. Compared with samples 1 and 2, the thickness of the shell is more
uniform. The surface has fine inclusions. The porous structure of the surface and the
entire shell (in section) is developed and uniform in the form of closely spaced round
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Fig. 5 Elemental composition analysis of the of the granule sample 2: a granule cross-section with
areas where the elemental composition analysis was provided, b elements distribution on the sample
cross-section surface (spectrum 10); c spectrum 11; d spectrum 12

cavities. The shell is not attached to the granule core due to the probable occurrence
of temperature stresses during drying (Figs. 6 and 7; Table 7).

The elemental composition analysis shows the decrease of C, O, Al, Si, P, K, Ca,
Fe, Mg, S, Na amount in the direction to granule core and increase of N amount.
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Table 5 Elemental
composition of fertilizer
granule layers (Sample 1)

Sample 1 Sample 13 Sample 14 Sample 15

Element Weight (%) Weight (%) Weight (%)

C 14.84 20.30 21.59

N 13.20 36.36 46.20

O 40.37 30.32 31.83

Al 0.95 0.35 0.11

Si 4.41 1.10 0.04

P 3.12 1.58 –

K 1.22 0.44 –

Ca 17.26 7.69 0.22

Fe 3.44 1.41 –

Mg 0.55 0.16 –

S 0.38 0.20 –

Cl 0.10 0.07 –

Na 0.16 0.00 –

Table 6 Elemental
composition of fertilizer
granule layers (Sample 2)

Sample 2 Spectrum 10 Spectrum 11 Spectrum 12

Element Weight (%) Weight (%) Weight (%)

C 14.62 15.63 23.03

N 21.77 26.37 47.30

O 31.70 35.26 29.28

Al 0.37 0.35 –

Si 2.13 2.81 0.08

P 1.94 2.93 –

K 0.77 0.39 –

Ca 21.14 14.08 0.02

Fe 4.44 1.67 –

Mg 0.17 0.23 –

S 0.84 0.27 –

Na 0.11 0.00 –

Total amount 100.00 100.00 100.00

Sample 4 is uniform on the surface, but has a non-uniform thickness of the shell.
This sample has no damage of the shell during drying. The surface has coarse inclu-
sions. The porous structure of the surface and the entire shell (cros-section) is devel-
oped; the pores are mostly curved. The shell is not tightly bonded with the granule
core due to the probable occurrence of temperature stresses during drying (Table 8).

On all samples, the granule surface has various damage, which occurred during
the removal of moisture in the oven. These damages together with the formed porous
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Fig. 6 Elemental composition analysis of the granule sample 3: a granule cross-section with areas
where the elemental composition analysis was provided, b spectrum 7; c spectrum 8, d spectrum 9

structure allowmoisture to penetrate into the shell and dissolve it in the soil. However,
major damage can cause the shell to peel off the granule core during transport, as
well as premature shell dissolution in the soil due to the large amount of moisture
that enters the shell. Additional shell destruction can be caused by a loose fit of the
shell to the granule core, which, according to the presented photos, is caused by the
larger particle size of the phosphate-glauconite concentrate.

The uniformity of the granules shell thickness is not a determining factor that
affects the quality of fertilizer. The required amount of concentrate (according to the
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Fig. 7 Elemental composition analysis of the granule sample 4: a granule cross-section with areas
where the elemental composition analysis was provided, b spectrum 3; c spectrum 4, d spectrum 5

technological calculation) is applied to each granule. The main quality indicators
are:

• strength of the granule with a shell;
• the tight contact of the shell to the granule and the adhesion of the shell to the

granule surface;
• developed porous structure with a minimum amount of surface mechanical

damage caused by thermal stresses during drying.
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Table 7 Elemental
composition of fertilizer
granule layers (Sample 3)

Sample 3 Spectrum 7 Spectrum 8 Spectrum 9

Element Weight (%) Weight (%) Weight (%)

C 26.54 22.17 25.78/22.78

N – 22.83 38.26/44.26

O 37.94 38.11 29.76

Al 0.59 0.32 0.16

Si 10.52 6.10 0.66

P 2.89 1.37 0.62

K 1.53 0.75 0.33

Ca 14.86 6.45 3.42/0.42

Fe 2.72 1.07 0.48

Mg 0.33 0.15 0.09

S 0.91 0.17 0.12

Na 0.34 0.14 0.08

Cl 0.83 0.36 0.26

Total amount 100.00 100.00 100.00

Table 8 Elemental
composition of fertilizer
granule layers (Sample 4)

Sample 4 Spectrum 5 Spectrum 4 Spectrum 7

Element Weight (%) Weight (%) Weight (%)

C 15.97 29.61 27.93/22.93

N 19.76 28.32 45.42

O 42.06 31.89 30.91/28.91

Al 0.88 0.25 0.16

Si 3.32 1.32 0.99

P 2.40 0.98 0.75

S 1.45 0.30 0.30

K 0.83 0.27 0.20

Ca 10.75 5.52 4.14/0.14

Fe 2.08 1.40 0.09

Mg 0.41 0.13 0.11

W 0.10 – –

Total amount 100.00 100.00 100.00

The main mechanisms involved in the core release are diffusion, degradation, use
of solvent, pH, temperature and pressure. In practice, a combination of more than
one mechanism is used. Diffusion occurs especially when the microcapsule coating
is intact; the release rate is governed by the chemical properties of the core and the
coating material and some physical coating properties.



220 G. O. Yanovska et al.

The choice of the most suitable method depends on the core type, the application
for the microcapsule, the size of the particles required, the physical and chemical
properties of the core and the coating, the releasemechanism required, the production
scale and the cost [32].

Comparison of spectra 13, 10, 7 and 3 shows a slight changes in the elemental
composition of the phosphate-containing shell during encapsulation. Comparison of
spectra 14, 11, 8 and 4 shows a significant changes in the elemental composition at
the interface of the granule core and phosphate-containing shell depending on the
plasticizer, which can affect the carbamide dissolution rate. Comparison of spectra
15, 12, 9 and 5 shows that the change in the composition of the plasticizer has
a significant impact on the physicochemical processes at the interface between the
coating and the granule core.Addition of 0.3%of the “Avatar”microelement complex
in chelated form allows to increase the permeability of the coating components and
plasticizer into the granule core, which provides high-quality contact.

The dense packing of phosphate-glauconite concentrate particles, which is
presented at the spectrum 3, allows us to conclude about the diffusion uniformity of
the nitrogen solution of the granule core through the pores, which have an initial size
of about 10 microns. Diffusion of the moisture through the phosphate-containing
shell to the granule core allows to dissolve first the organic component of the shell
to create a porous layer.

4 Conclusions

1. The obtained results have shown the possibility of phosphate-containing shell
deposition on carbamide granules by agglomeration to obtain an encapsulated
fertilizer with a sufficient characteristics for their application;

2. The most effective and technological is calcium humate plasticizer, which is
modified with a trace elemental complex in chelated form;

3. The initial pore size of the phosphate-containing shell at the core–shell interface
is 10 μm.

4. Phosphate-containing shell has a developed nanoporous structure with different
pores depth and shape.

5. The phosphate-containing shell has nanoporous structure through all core
thickness up to the granule interface.

6. On the surface and inside the shell, there is a small amount of “mechanical”
pores caused by damage of the granules due to the release of moisture during
drying.

7. The encapsulation technology needs to be further improved in studying of the
control mechanisms of the nanoporous layer formation process.
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